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Interpretation  of  Microwave  Antenna 
Results  from  a Reentry  Flight  Test: 
A Comparison  of  Methods 


I.  IM  TOWicTION  AND  BACKCROUNO 


The  research  l'.»  reentry  physics  at  the  Air  Force  Cambridge  Research 

Laboratories  includes  a flight  test  program  involving  the  use  of  Trr  ilblazer  II 

rockets  for  the  study  of  the  properties  of  the  reentry  plasma  sheath.  Particular 

emphasis  has  been  given  to  the  interaction  of  the  ionized  medium  with  microwave 

antennas  mounted  on  the  vehicle.  Details  of  the  various  flights  have  been 

1-4 

pre.5cnted  in  a number  of  reports. 

Antennas  were  located  in  the  stagnation  region  at  the  -Vose  of  the  vehicle  on  the 
first  two  launches  and  in  the  expansion  region  at  the  vehicle  shoulder  on  the 
remaining  flights.  The  va*.*iatlon  in  reentry  environment  over  the  altitude  range 


(Received  far  publication  19  August  1974) 

1.  I^irier,  J.  L.,  Rotman,  \V.,  Hayes.  D.T.,  and  Lennon,  J.F.  (1969)  Effects 

of  the  Reentry  Plasma  Sheath  on  Microwave  Antenna  Performance: 
Trailblazcr  il  Rocket  Results  of  18  June  19^7.  AFCRL-69-0354. 

2.  Hayes,  D.T.  (1972)  Electrostatic  probe  measurements  of  flow  field 

characteristics  of  a blimt  body  reerdry  vehicle,  AIAA  F^per  72-694,  5th 
Fluid  and  Plasma  Dynamics  Conference,  Boston.  Mass. 

3.  Hay^,  D.T.,  Herskovitz,  S.  B.,  Lcm,pn,  J.  F.,  and  Poirier,  J.  L.  (1972) 

Preliminary  Report  on  the  Trailblazer  II  Chemical  Alleviation  Flight  of 
28  July  1972.  AF‘CRL-72^-0640. 

4.  Rotman,  W.,  Maloney,  L.R.  (1973)  High  Power  Microwave  Antenna  Per- 

formance  in  the  Stagnation  Region  of  a Blunt  Reentry  Nose  Cone. 
AFCRL-TR-73-0572:  
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of  the  tests,  togethe  with  diffesences  in  flow  propertic:S  at  the  various  antenna 

positions  on  the  vehicles,  has  resulted  in  anextetsive  body  of  data  on  microwave 

signal  performance  in  a nonuniform  ionized  medium.  Subsidiary  tocalixec 

measurements  of  the  ionization  levels  at  varioua  locations  were  obtained  matniy 

by  flush-motinted  electrostatic  probes,  ^ altimugh  some  additional  diognoutic 
S“8 

devices  ° were  also  included  c.n  vehicles. 

The  night  tests  have  entered  a second  phase  during  which  the  primary 
objective  is  to  modify  the  properties  of  th''  ionired  shoeSe  layer  arotmd  the  vehicle 
bv  addition  of  chemicals  to  the  fleet.  The  purpose  is  lo  reiioec  the  uainbcr  of  free 
electrofis  over  the  h :lKina  system  and  hence  eiSminate  the  performance  limitation 
imposed  by  the  shock  ionized  air.  Prcljrnsnery  Uifocmation  on  one  of  these  itne 
fourth  in  the  neries)  ha?  been  rfDorted."*  “rhis  additive  experiment  involved  a 
steoluer  antenn'v:  the  data  from  the  third  flight  served  to  identity  tlie  plasma 
conditions  at  that  toertion  for  an  antenna  in  the  absence  of  say  alieviant. 

fhis  leporv  is  concerned  primarily  with  the  performance  of  microwave 
antenna?  an  tsnmodifie.i  plasma.  The  purpose  is  to  describe  some  of  the 
nutnerous  thcorctivai  t£<!!ni.iaes  employed  i«»  uie  analysis  of  tlie  antenna  data. 

The  use  oi  vartotti  gjiproximations  will  be  diseassed.  the  degree  of  agreement 
between  uliTeretit  methods  and  data  will  be  shown,  and  the  nature  of  some 
areas  of  disagreement  -“ill  b*  considered. 

The  data  whieh  formed  ti»  basis  ef  this  analysis  were  obtained  during  the 
.-ceittry  portion  of  the  Trailbiazer  U trajectory.  A brief  description  of  the  vehicle, 
the  experimental  payload,  and  the  flight  performance  will  place  the  antenna - 
plasma  interaction  in  perspective. 

The  reentry  nose  cone  was  launched  on  a Trailbiazer  II  vehicle,  a four-stage 
solid-propcIIant  rocket.  After  the  first  two  stages  drive  the  vehicle  to  an 
PllUudc  of  about  200  miles,  the  last  two  stages  propel  the  reentry  nose  cone  back 
toward  the  atmosphere  in  an  almost  vertiial  trajectory. 

During  the  ascerriing  part  of  the  fligM,  the  vehicle  is  fin-stabilized.  Shortly 
after  launch,  the  canted  second-stage  fins  induce  spurning.  As  the  vehicle 
leaves  the  atmosphere,  its  spin  rate  is  high  enough  to  ensure  that  it  will  be  spin- 
stabilized  throughout  the  remainder  of  the  flight. 


5.  Hayes,  D.T.  and  Rotman,  W.  (197?)  Sllcrowavc  and  electrostatic  probe 

measurements  on  a Murt  teentry  ■chicle,  ALA.A  Journal  lltCNo.  5)675-682. 

6.  Lustig,  C.D.  and  Hayes,  U.T.  (1969)  Oservation  of  elcctrtacoustic 

rcsor.ancc  in  a reentry  sheath,  Proc.  IEEE  57(5);800-8C2. 

7.  Karas,  N.V.  (1972)  Microstrip  Plasma  probe,  AFCRL-TR -72-0417, 

8.  Aisenberg,  3.  and  Chang,  K.W.  (197!)  Chemical  .Additives  and  PiagBoattes 

for  High  Temperature  .Air  Plasmas.  AFCRL-TR-72-0354,  Final  Rpt, 
Contract  Jio.  yFl9{S28)-7l -C-0077. 
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AUTITUOC 


Figure  1.  General  Features  af  a Typical  Trailblazer  II  Trajectory 


The  last  two  stages  are  encl<^ed  in  a structural  shell  (velocity  lockage)  as 
shown  in  Figure  1 asui  face  rearward  during  launch.  At  about  2S0  kH,  the  verccity 
package  separates  front  the  spent  second>stage  motor  and  coasts  tc  apogee.  As 
the  velocity  package  begins  its  descent,  the  X-248  third-stage  motor  fires, 
propelling  the  reentry  tK>se  cone  out  of  the  open  end  of  the  velocity  package.  The 
fourth -stage,  1 5-inch  spherical  motor  provides  the  final  thrust  necessary  to 
boost  Uie  iKse  velocity  to  about  17, 000  fps  by  the  time  the  tajse  cone  begto  te- 
entry. 

The  reentry  m^e  cone  s!»wn  in  Figure  2 is  a 9®  hemisplare-cone  labs  ieated 
entirely  of  aluminum.  Its  dimensisuss  are:  nose  cap  radiis,  5.333  but  hAal 
length,  26.47  in.;  and  lase  diameter,  19. 17  in.  The  instrumented  c^ie 
weighs  about  72  lb,  including  the  spent  fourth-stage  motor  which  remata  within 
the  reentry  body.  The  third  fligM  was  designed  to  (Attain  data  in  the  presecce  of 
a pure-air  plasi^.  Th^  a heat-sink  method  of  thermal  protection  wu3  ssed  to 
ensure  that  tte  flow  aroussd  the  velacle  sbosdd  remain  smeontamisated  hr  sblatirm 
products. 

Tue  j»vload  of  Use  third  flight  as  shown  in  Figure  3 is  typical  of  U»  first 

' Q 

phase  flights.  “ It  «mtaim  a telemetry  system,  a number  of  prol«  dersew,  asrt 

9.  Lennon,  J.  F.  (1973)  Trailblaser  n Rocket  Tests  <m  the  Reemry  Masstt 

Sheath:  Vehicle  I^rformance  and  Plasma  PredlctiffiS  (Fil^s^o.  1-3). 
AFCftL-'tR-73-03lf. 
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S-band  test  transmitting  and  receiving  systems.  The  S-band  (2220. 5 MHz) 
telemetry  system  antennas  were  mounted  at  the  base  of  the  cone,  transmitting  the 
flight  measurements  to  receiving  stations  on  the  ground.  The  various  probes 
were  distributed  along  the  vehicle  surface,  in  order  to  obtain  results  under  dif- 
ferent conditions.  All  probes  were  Hush-mounted  instruments  which  measured 
local  properties  near  the  wall;  for  example,  the  electrostatic  probes  determined 
electron  and  ion  densities  in  a sheath  region  adjacent  to  the  surface,  whose  thick- 
ness depended  on  the  probe  bias  potential.  For  some  probes  the  bias  level  was 

periodically  varied  during  the  flight  in  order  to  obtain  results  at  several  distances 

2 

from  the  surface.  The  electrostatic  probe  data  have  been  analyzed  by  Hayes. 

Good  agreement  between  theory  and  observed  values  was  obtained  only  near  the 
nose  region.  On  the  side  of  the  vehicle,  there  were  differences  both  in  the  mag- 
nitude of  the  electron  density  and  in  the  profile  slope  normal  to  the  wall.  There 
was  some  degree  of  consistency,  however,  between  the  probe  results  and  the 
microwave  data  for  that  region.  The  relative  positions  of  the  probes  and  antennas 
on  the  third  Hight  are  shown  in  Figure  4 and  listed  in  Table  1.  As  can  be  seen, 
electrostatic  probes  were  placed  immediately  behind  the  test  antennas  so  that  a 
direct  comparison  could  be  made  between  microwave  meeisurements  and  the  local 
charged  particle  densities  indicated  by  the  probes. 


S/RN 
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Table  1 . Antenna  and  Probe  Locations  and  Identifications 


- 1 

Device 

Symbol 

Bias 

Voltage 

Station 

tLn.) 

S/Rs 

^o 

Clockwise 

ES-1 

Negative 

13 

0 

0 

- 

Electrostatic 

Probes 

ES-2 

Negative 
5, 15,  30 

0.7G 

0.47 

0° 

ES-3 

Negative 
5, 15,  30 

12.62 

2.58 

4.5° 

ES-4 

Positive 

15 

12.62 

2.  53 

355.0° 

Test  Antenna 
Transmit 

TX 

- 

8. 03 

1.84 

0° 

Test  Antenna 
Receive 

RX 

- 

10.91 

2.30 

0° 

TM-1 

- 

Telemetry 

Antennas 

TM-2 

- 

24.27 

4.44 

TM-3 

- 

Secondary  Test/ 
Telemetry  Antenna 

TX/TM 

- 

Strip  Line 

SL 

- 

10.91 

1.84 

186.0° 

Conductivity  Gauge 

CG 

- 

90.0° 

The  test  antennas  were  located  in  a region  where  the  plasma  would  have  a 
significant  effect  on  their  performance,  whereas  the  telemetry  antenna  location 
was  chosen  to  minimize  plasma  interference.  This  is  reflected  in  the  different 
range  of  altitudes  for  which  particular  types  of  data  are  available. 

Information  on  attenuation,  for  instance,  which  requires  tiiat  the  test  antenna 
signal  be  received  at  a ground  site  was  obtainable  only  until  signal  blackout 
occurred  in  the  shoulder  region.  On  the  other  hand,  r.esults  for  mterantenna 
coupling  and  signal  refleotlon,  which  are  vehicle  oriented  measurements,  con- 
tinued as  long  as  the  processed  data  could  be  received  from  the  telemetry 
antennas  at  the  rear  of  the  vehicle. 

The  particular  plasma  conditions  for  the  experiments  were  determined  by  the 
flight  performance  of  the  reentry  vehicle.  Most  of  the  data  of  Interest  here  came 
from  the  third  flight.  For  this  reason,  its  flight  dynamics  will  be  cited  as  back- 
ground for  the  experiment,  although  all  flights  have  shown  similar  performance 
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Table  2.  Comparison  of  Flight  Parameters  for  the  First  Three  Flights 


Flight  I 

Flight  n 

Flight  HI 

Launch 

1532  hours  (EDT) 
J8  Jun  19G7 

2156  hours  (EDT) 
17  Jun  1969 

1856  hours  (EST) 
24  Nov  1970 

Payload  weight 

64, 65  lb 

74  lb 

70. 65  lb 

W/CjjA 

79  Ib/ft^ 

90.4  Ib/ft^ 

86. 3 Ib/ft^ 

Spin  rate 

8 rps 

12  rps 

11  rps 

Ia 

1.094  slug  ft^ 
0.471  slug  ft- 

1.049  slug  ft^ 
0.470  slug  ft^ 

-.924  slug  ft^ 
0.510  slug  ft^ 

Center  of  gravity 
(Distance  from  nose) 

10.0  in. 

9. 17  in. 

9.  76  in. 

Apogee 

902,  183  ft 

964,395  ft 

990,  548  ft 

Peak  velocity 

1 6,  593  fps 
(at  220  kft) 

17,287  fps 
(at  220  kft) 

17,972  fps 
at  216.5  kft) 

Initial  angle  of 
attack 

12°48' 

15°28« 

10°6' 

Reentry  flight 
Azimuth 

357. 5°(estimate) 

286° 

31° 

Time  from  launch 
to  reentry  (300  kft) 

392. 7 sec 

404  sec 

405,4  sec 

Third-stage  bum 
time 

29  sec 

38. 5 sec 

40. 8 sec 

Fourth-stage  bum 
time 

5 sec 

6 sec 

9.4  sec 

Initial  coning: 
allowed  value 

3.45  rps 

5.37  rps 

5.  r»3  rps 

characteristics.  This  can  be  seen  in  Table  2,  a comparison  of  various  parameters 

9 

for  the  three  cases.  Lennon  gives  further  details  on  the  over-all  performance 
of  these  flights. 

Significant  flight  events  are  indicated  on  the  vehicle  trajectory  as  shown  in 
Figure  5.  The  velocity  and  altitude  histories  based  on  time  from  launch  can  be 
seen  in  Figure  S.  A peak  velocity  of  about  18, 000  fps  was  attained.  This  was  the 
highest  value  recorded  for  any  of  the  flights.  The  shock  strength  which  depends 
on  the  velocity  also  would  have  been  slightly  greater  for  this  case,  res.  Itir.g  in 
somewhat  higher  heating  and  ionization  levels.  The  trajectory  data  are  based  on 
radar  tracking.  By  the  time  the  vehicle  has  reached  120  kft,  the  air  density  has 
caused  significant  decelsration.  The  radar  data  on  these  flights  become  unreliable 
below  90  kft.  Whether  this  can  be  attributed  to  effects  relating  to  some  surface 
melting  of  the  aluminum  from  the  aerodynamic  heating,  or  to  a break  in  radar 
tracking  lock  owing  to  the  onset  of  high  deceleration  levels  at  these  altitudes  has 
not  been  resolved. 
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Figure  3.  Trailblazer  II  Trajectory  for  the  Third  Flight 
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A nuiijber  of  irterrelated  factors  atfected  the  motion  of  the  payload.  Below 
500  kft,  t*js  thrust  ceased  and  freefall  began;  above  200  kft,  there  was  no  significant 
drag  acting  on  the  vehicle.  In  addition,  stabilization  required  that  the  vehicle  be 
spinning.  When  this  feature  is  combined  with  t!«  fact  that  the  nose  cone  was  at  an 
initial  10°  angle  of  attack  (as  indicated  by  the  radar  data),  a further  complication 
was  introduced;  the  ionized  airflow  was  no  longer  symmetrical.  The  nommlTorm 
plasma  conditions  were  seen  cyclically  by  the  sensors  as  their  position  rotated, 
a fact  that  must  be  accounted  for  in  the  data  analysis.  Further,  any  changes  in 
the  original  spin  or  vehicle  orientation  would  be  reflected  in  the  electrostatic  probe 
response  and  the  microwave  transmission  data,  that  is,  the  effective  rate  of 
change  of  the  local  plasma  conditions  would  assume  a new  value.  Figure  7 shows 
that  the  frequency  of  cyclic  variations  in  the  data  was  constant  for  the  higher 
altitudes.  Precision  does  not  appear  until  aro’md  200  kft,  where  the  air  density 
has  begun  to  be  signiHcant.  The  initial  modidr.iion  was  at  a constant  10. 8 Hz, 
and  due  solely  to  vehicle  spin.  The  onset  of  atmospheric  forces  introduced  an 
additional  precession  C'-mponent.  Figure  7 shows  this  as  an  increasing  frequency 
for  the  cyclic  response.  These  forces  also  acted  to  suppress  the  nose  cone  angle 
of  attack,  but  this  was  somewhat  counterbalanced  by  the  high  spin  rate.  A 
theoretical  history  of  the  vehicle  orientation  was  calculated  for  the  parameters 
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of  the  third  flight.  The  decrease  in  magnitude  of  the  angle  of  attack  envelope  is 
shown  in  Figure  8 for  both  spin  and  nonspin  conditions.  For  practical  purp.  's, 
the  envelope  is  unchanged  for  the  spin  case,  except  for  the  final  seconds. 

The  relative  location  of  the  reentry  nose  ccnc  with  re?  pect  to  the  grour 
receiving  sites  is  shown  in  Figure  9 for  three  altitudes.  The  slant  range  betw  ;en 
the  main  base  and  the  vehicle  was  effectively  a constant.  The  almost  vertical 
reentry  (8°  from  normal)  as  shown  by  the  surface  projection  of  each  of  the  three 
vehicle  positions  confirms  that  assumption.  Thus,  changes  in  received  slgrai 
intensity  were  related  only  to  plasma  effects. 


Figure  8.  Computed  Angle  of  Attack  Envelope 
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2.  S-Bit>D  TEST  SY  STEM 
2.1  Descriptioa  of  E»prriae«t 

In  this  section,  a brief  description  of  the  S-band  test  system  is  given, 
together  with  the  manner  in  which  the  various  microwave  system  performance 
parameters  are  determined.  The  specific  quantities  measured  during  reentry  are 
antenna  impedance  mismatch,  interantenna  coupling,  antenna  pattern  distortion, 
and  signal  attenuation. 

A blocif  diagram  of  the  S-band  experiment  is  shown  in  Figure  10.  The  rocket- 
borne  por  of  the  system  consists  of  a solid-state  2. 3 W transmitter  connected 
to  its  antt  through  a retlectometer  for  monitoring  the  power  reflection 
coefficient  o.  the  antenna.  The  directional  coupler  samples  the  incident  power 
Pine*  and  the  circulator  measures  the  reflected  power  The  transmitting 

antenna,  as  shown  in  Figure  11,  was  located  a little  behind  the  hemisphere-cone 
junction.  Another  antenna,  electrically  identical  to  the  first,  served  as  a receiving 
antenna;  it  was  located  further  back  on  the  vehicle  and  in  line  with  the  transmitting 
antenna.  The  signal  power  at  this  antenna  is  a measure  of  the  coupling 
between  the  receiving  and  transmitting  antennas.  The  transmitting  antenna 
reflectometer  out{nit  signals  and  the  receiving  antenna  detector  output  signal  are 
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amplified  to  a suitable  level  {0-5V)  and  transmitted  to  the  ground  by  the  telemetry 
system. 

The  signal  power  P^,  which  is  received  at  a ground  station  is  used  in  con- 
junction with  the  telemetered  rocket-bome  measurements  to  determine  antenna 
pattern  distortion  of  the  transmitting  antenna  and  the  atteniiaticn  suffered  by  the 
transmitted  signal  as  it  propagates  through  the  shock-ionized  air  surrounding 
the  nose  cone. 

The  vehicle  antennas  were  fltish-mounted  cavity-backed  slots  with  aperture 
dimensions  of  2. 362  x 1. 128  in.  The  cavities  were  filled  with  hot-pressed  boron 
nitride,  which  has  a relative  dielectric  constant  of  4.  Ilie  operating  character- 
istics of  this  type  of  antenna  are  well  known  and  relatively  easy  to  calculate. 

A sketch  of  the  antenna  is  shown  in  Figure  12. 

In  addition  to  the  microwave  system  just  described,  two  electrostatic  probes 
were  also  included  as  part  of  the  experiment  shown  in  Figure  11.  One  of  these 
was  bias^  positive,  and  the  other  biased  negative.  The  bias  potential  of  both 
probes  was  periodically  varied  throu^»ut  the  flight.  The  data  collected  there- 
from (inclusive  c'  others,  not  part  of  the  experiment  in  the  shoulder  region)  were 
also  transmitted  to  the  ground  via  telemetry* 
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2.2  Anteima  S)k!»i  Petfonaace  is  a Plasaa 

The  operating  characteristics  of  an  antenna  can  be  greatly  affected  by  the 
presence  of  a plasma.  And  almost  always,  the  antenna  system— plasma  inter- 
action manifests  itself  as  a very  significant  or  catastrophii.  re  jection  in  the  level 
of  the  microwave  signal  received  from  a reeiitry  vehicle.  SignaLs  from  external 
sotirces  are  similarly  affected  before  they  are  received  by  antennas  mounted  on 
re»mtry  vehicles.  In  addition,  there  are  other  effects  which  though  mort* 
subtle,  nevertheless,  lead  to  equally  severe  de<  -*adations  in  system  periormancc. 
Chief  amoiig  these  is  the  modification  of  tl«e  radiation  pat*em  whir',,  is  often 
narrowed  when  an  antenna  is  covered  by  a moderately  thick  plasma  slab.  Also, 
the  coupling  between  adjacent  antennas  is  graatiy  changed.  This  is  of  importance 
in  microwave  systems  employing  separate  transmitting  and  receiving  antennas, 
or  in  multiple  aperture  antenna  systems,  where  a change  in  the  mutual  coupling 
of  array  elements  can  change  the  over-all  radiation  pattern.  Usually,  several  of 
these  effects  are  present  simultaneous *v. 

The  most  direct  inflight  measurement  is  that  of  the  power  reflection 
coefficient  R,  which  is  related  to  the  magnitude  of  the  antenna  impedance  mis- 
match. The  reflection  coefficient  is  defined  as  the  ratio  of  the  reflected  power 

P r to  the  incident  power  P.  ; 
ref  me 

R = . (1) 

*^inc 

The  phase  of  the  antenna  impedance  can  also  be  determined,  but  some  additional 
measurements  are  required.  As  the  plasma  density  increases,  the  power  reflected 
from  an  initially  matched  antenna  also  increases.  When  plasma  frequency  nears 
operating  frequency,  there  is  a sharp  increase  in  '.ne  power  reflection  coefficient 
with  reflection  of  most  of  the  incident  power,  Typic.il  values  of  R for  an  over- 
dense  plasma  are  0.8  to  0.9.  The  increase  in  power  reflection  coefficient  is  not 
monotonlc,  but  exhibits  small  local  minima  as  it  nears  unity. 

Another  phenomenon  of  interest  during  reentry  is  tlm  coupling  between  two 

adjacent  antennas  on  vehicle.  When  the  antennas  are  covered  .by  die  plasma, 

there  is  a substantial  reduction  in  the  power  coupleo  into  the  receutog  antenna 

from  the  nearby  transmitting  antenna,  as  coni(»red  to  the  free  space  case. 

This  is  due  to  two  causes;  The  first  is  tte  rise  in  the  reflection  coefficient  of 

the  transmitting  antenna,  accounting  for  radiation  of  only  part  of  the  incident 

power  P.  ; the  second  is  an  increase  in  tl*c  attenuation  of  the  transmitted  signal 
inc 

as  it  propagates  to  the  receiving  antenna.  Therefore,  the  interantenna  coupling 
loss  (in  dB)  is  defined  as 


4 
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(2) 


Interantenna  coupling  loss  = 10  log  (P._  /P  ) 
^ ^ me'  rcc 


and  includes  both  internal  reHeetton  losses  and  external  attenuation  losses.  The 
external  coupling  loss  {in  riB)  is  obtained  by  subtracting  the  reflection  loss  accord- 
ing to  the  rule: 


External  coupling  loss 


10  log 


rtc 


(3) 


where  is  the  power  reflected  from  the  transmitting  antenna.  The  external 
coupling  l(»s  beterecn  two  S -band  slot  antennas  can  be  expected  to  change  by 
15  or  20  dB. 

The  increase  in  attenuatiem  over  the  free-space  value  that  occurs  for  a signal 
propagated  from  a reentry  vehicle  to  a ground  receiving  site  is  important  in 
describing  11h.  operation  of  a microwave  radiating  system.  The  signal  strength  at 
a point  in  space  depends  on  the  reflection  loss  due  to  antenna  mismatch,  the 
spatial  distribution  of  the  radiated  power  (antenna  radiation  pattern),  and  the 
attemiatkei  of  the  signal  as  it  propagates  through  the  plasma.  The  first  of  these 
effects  has  already  been  discussed  in  connection  with  Eq.  (1).  It  is  often  difficult 
to  separate  the  effects  of  the  remaining  two  properties  despite  their  distinct 
origins.  The  signal  attenuatien  is  of  special  concern,  if  the  signal  must  make  a 
round  trip  traversal  of  the  plasma  as  in  certain  radar  applications.  But 
simultaneously,  there  can  be  a reduction  (or  increase)  In  signal  strength  because 
of  a plasma-induced  modification  to  the  antenm<  radiation  pattern.  From  a 
measurement  of  the  power  received  on  the  ground  and  a knowledge  of  the 
incident  power  the  signal  attemuktion  can  be  found.  This  quantity  relative 

to  its  free  space  value  is  called  the  total  signal  attemtation: 


Total  signal  attem»tioii 


(4) 


The  term  10  log  ^Pg/Pj^cy  ^ the  minimum  free-space  value  of  the  signal 

attenuation  during  a complete  spin  cycle.  It  is  sometimes  convmicnt  to  define  a 
variant  of  the  total  relative  attemiation.  jlds  alternate  form  excludes  the  portion 
of  th2  signal  attenuatUm  that  can  be  attributed  to  the  antenna  mismatch  loss. 

Since  the  antenna  is  matched  to  free  space,  the  composite  signal  attemation  is 
defined  as 
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Clearly,  these  two  attenuations  depend  on  the  polarization  of  the  signal  relative  to 
the  receiving  antenna,  because  the  actual  received  power  is  used  in  the 
definitions. 

In  the  case  of  thin  plasmas,  there  is  little  changc^^  in  the  radiation  pattern 
and  Eq.  (4)  represents  orJy  that  attenuation  due  to  the  plasma  sheath.  Otherwise, 
as  for  the  S-band  system  of  this  flight,  Eq.  <4)  represents  the  . ital  attenuation 
caused  pattern  modification  and  signal  attenuation. 

It  sho-ild  be  emphasized  here  that  the  quantities  dcHned  in  Eqs.  (1)  through 
(5)  all  depend  on  the  instantaneous  position  and  orientation  of  the  vehicle.  The 
altitude  establishes  the  over-all  plasma  conditions  and  the  orientation  of  the  nose 
cone  relative  to  the  windward  position  accoimts  for  angle  of  attack  effects, 
determining  the  exact  local  plasma  density.  Variations  in  the  antenna  radiation 
pattern  of  the  transmitting  antenna  and  polarization  loss  depend  on  the  orientation 
of  the  nose  cone  relative  to  the  ground  recei^dng  antenna.  Therefore,  any  dis- 
cission of  particular  values  of  these  quantities  must  include  the  position  and 
oriendi  of  the  vehicle.  In  the  present  tase,  the  data  are  given  in  terms  of  a 
body  po>:«Lcn  (windward  or  leeward)  or  the  vehicle  spin  angle  for  a giTCn  altitude. 

3.  THEORETICAL  C0>IPLtTAT10>S 
3.1  Tke  loRized  FIom  Field 

The  complexity  of  the  interaction  between  the  external  plasma  flowing  around 
the  vehicle  and  the  microwave  antennas  has  been  discussed.  Several  theoretical 
approaches  have  been  used  to  describe  the  electromagnetic  phenomena  that  occur 
in  the  presence  of  an  ionized  medium.  These  models  require  that  the  electrical 
pro|«rtlcs  of  the  plasma  be  defined.  However,  the  nature  of  the  experimental 
conditions  makes  this  a formidable  process.  In  the  analysis  of  a {articular 
antemia  result,  the  ordinary  assumption  of  this  report  is  that  the  plasma  is  one- 
dimensional. This  means  that  the  plasma  layer  over  the  antenna  system  varies 
only  in  the  direction  normal  to  the  vehicle  surface.  In  that  direction,  the  models 
assume  that  the  plasma  can  be  considered  as  a series  of  slabs  of  arbitrary  thick- 
ness, each  characterized  a value  of  electron  density  aiKl  collision  frequency. 
Th^,  for  electromagnetic  calculations,  the  required  description  of  the  flow  field 

10.  Fante,  R.  L.  (1967)  Effect  of  thin  plasmas  on  an  aperture  antenna  in  an  infinite 
fround  plane.  Radio  Science  2(NS)No.  1:87-100. 


26 


* 


p 


at  a location  on  the  vehicle  emprises  profOes  of  electron  density  and  collision  fre- 
quency normal  to  the  antenna  surface. 

The  process  of  obtaining  suitable  theoretical  profiles  during  tte  course  of 
reentry  involved  naiaerous  calculations.  The  reentry  regime  of  interest  for  the 
Trailblazer  n flights  extended  from  around  300  kft  dorsm  to  about  1(K>  kll.  Over 
this  range,  the  atn»s^ere  is  quite  variable,  changing  from  near  free  molecular 
conditions  to  a well-^tablished  continuum  regime.  T-ea  general  altltmie  divisions 
were  employed  for  calculations  in  this  report.  Belosc  200  kft,  the  flow  around  the 
vehicle  is  considered  as  a two-layer  system.  Close  to  the  surface  is  a well-defined 
thin  boundary  layer  wherein  diffusion  ami  viscous  effects  are  importam, 
whereas  in  the  main  cuter  layer,  the  flow  is  inviscid.  At  these  altitudes,  the 
chemistry  of  the  flow  varies  from  nonequilibrium  to  equilibrium  as  dersity  in- 
creases. For  the  higher  altitude  regime  tlxju^,  the  distinction  between  the 
boundary  and  slK>ck  layers  is  not  as  precise.  Viscous  effects  are  ^t  constrained 
to  occur  only  at  the  surface,  are!  the  flow  becom'js  highly  complex.  The  gas  is  in 
chemical  nonequilibrium,  ami  for  some  <x>:^iticn5  even  the  vibratiemat  modes  may 
not  be  completely  equilibrated.  In  addition  to  Liese  general  features,  mse 
bluntness  effects  cause  the  flow  at  different  vehicle  positions  to  mcMbit  considerable 
variability,  tnie  m^se  rcf^ioc  is  a high  temperature  ionization  z<me.  Tl^n  as  the 
air  leaves  this  area,  it  expands  and  cools  <k;wn  so  that  recombination  becomes  a 
dominant  chemical  process  along  the  afterwdy.  Vehicle  spin  aid  angle  of  attack 
effects  iuiioducc  stiU  further  complicatio:^.  The  specific  details  of  the  flow 

Q 

calculaticms  for  the  Trailblazer  flights  are  d^cribed  by  Leimon.  “ In  that  report, 
the  justifications  for  extei^ing  restdts  from  one  set  of  calculations  to  apply  ai 
other  conditions  are  looked  into  and  various  limitations  described.  The  emphasis 
in  this  report  is  somewhat  different. 

The  observed  i^asma  effects  on  the  sixmlder  antennas  occurred  in  a rather 
narrow  altitude  range;  a number  of  inter^tiag  features  were  aj^iarent.  AnalyaL:. 
however,  required  mxxiitions  at  smaller  intervals  than  the  original  20  kit.  There- 
fore, the  basic  resislts  were  manipulated,  so  ttet  the  values  for  intermediate 
altitudes  could  be  oMained.  Two  gez^ral  sets  of  data  were  rvasidered,  cor- 
responding to  the  two  reratry  regimes  of  iider^t.  For  the  cases  atove  220  kft, 

I* 

the  viscoxis  solution  of  Lew  * were  selected  whereas  whOe  for  ti»  lower  r^i’ge, 

IV 

dse  resiuts  of  EaU  ' w-sre  employed.  That  the  two  types  of  solu^ioiw  xs-e  based 

11.  Lew,  H.G.  (1S70)  Shock  Layer  Ionization  at  High  Altitudes.  AFOlL-70-0702, 

Final  RjA  on  Cmstract  F1962d-Sa-C-0ll2,  GE^<JdDifi2,  The  Gsxeml 
Electric  Co.,  Valley  Forge,  Pemsjylvania, 

12.  Ball,  W.H.,  Webb,  H.G.,  and  Lyon,  F.J.  (1965)  Flow  Field  Pr^ettes 

ai^  Analysis.  Stut^  for  Project  R.AU  B3,  Space  ami  InfonnatJmi  Systems 
Oivistexi  Final  Rpt  So.  SID-S5-I113.  R|*  No.  NASA-CR-S610S  Ot^ract 
NAS  1-4743,  North  American  Aviatimi  inc. 
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Figure  13.  Comparteon  of  Ball  and 
Lew  Electron  Density  Profiles  at 
215  kft 


on  vastly  different  assumptions  is  em- 
phasized by  a consideration  of  their 
respective  profiles  of  electron  density  at 
the  transition  altitudes.  These  are  quite 
dissimilar  (see  Figure  13). 

Both  sets  of  calculations  contained 
profiles  of  local  flow  properties  and  species 
concentrations.  The  pr..  .edures  for  inter- 
polation were  similar,  with  results  shown 
in  Figures  14  through  17.  For  each  alti- 
tude, the  electron  density  was  plotted  against 
the  normalized  distance  into  the  flow  z. 

Then  for  selected  positions  along  the  flow 
normal,  the  electron  density  was  replotted 
as  a function  of  altitude.  The  species 
concentrations,  pressure,  and  temperature 
were  used  to  obtain  profiles  of  the  collision 
freq.  ciicy.  These  were  then  plotted  as  a 
function  of  altitude  for  selected  positions  In 
the  flow. 


Figure  14.  Electron  Density  Distri- 
butions as  a Function  of  Altitude 
(Lew) 


Figure  15.  Collision  Frequency  Distri- 
butions and  Profile  Thickness  as  a 
Function  of  Altitude  (Lew) 
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Figure  16.  Electron  Density  Dis- 
tributions as  a Function  of  Altitude 
(Ball) 


ALTITUDE  {tin 

Figure  17.  Collision  Frequency  Dis- 
tributions and  Shock  Layer  Thickness 
as  a Function  of  Altitude  (Ball) 


In  the  upper  altitude  regime,  a further  aspect  was  considered.  In  addition  to 

the  chemical  nonequilibrium,  there  is  also  a degree  of  vibrational  nonequilibrium 

in  the  molecular  species.  This  alters  the  flow  chemistry  and  results  in  changed 

values  for  the  electron  density.  The  effect  is  altitude  dependent  and  complex,  but 

it  becomes  relatively  small  near  200  kft  for  the  given  conditions.  A more  com- 

g 

plete  discussion  can  be  found  elsewhere.  In  the  stagnation  region,  a number  of 
these  cases  were  obtained  at  important  altitudes.  Peak  n^  values  for  both  models 
were  plotted  as  a function  of  altitude.  By  shifting  the  original  equilibrium  profiles 
at  those  altitudes  by  the  ratio  of  the  corresponding  peak  n^  values,  additional 
vibrational  nonequilibrium  cases  were  then  constructed.  In  the  expansion  region, 
the  effect  of  vibrational  nonequilibrium  was  accounted  for,  by  moduying  the 
vibrational  equilibrium  profiles  by  a factor  corresponding  to  the  ratio  of  these 
results  in  the  stagnation  region.  This  represents  an  upper  bound  type  of  approach, 
since  the  increased  reaction  time  should  result  in  an  over-all  decrease  in  the 
degree  of  vibrational  nonequilibrium  in  the  flow  of  the  expansion  region. 
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These  variations  in  the  models  and  their  effect  on  the  electromagnetic  proper- 
ties will  be  discussed  further,  upon  comparison  of  the  results. 

3.2  Antenna  Parameters 

Once  the  flow  fields  have  been  specified,  the  effect  of  the  covering  plasma  slab 
on  the  performance  of  an  antenna  is  calculated  by  three  different  procedures:  The 
first  analysis  includes  the  complete  specification  of  all  antenna  parameters  of 
interest;  the  other  two  are  plane-wave  approximations  of  differing  levels  of 
sophistication.  These  give  reflection  coefficient  and  signal  attenuation  only.  A 
brief  description  of  these  methods  will  be  presented  here.  A comparison  of  the 
resxilts  will  be  made  in  Section  4,  including  agreement  with  the  flight  data. 

The  first  method  of  obtaining  the  theoretical  antenna  parameters  involves  the 
use  of  a computer  program  developed  by  Fante.  This  program  considers  a pair 
of  slot  apertures,  mounted  in  an  infinite  ground  plane,  radiating  through  an  in- 
homogeneoas  plasma.  The  quantities  computed  are  the  aperture  admittance  of 
the  slots,  the  inter-antenna  coupling  and  the  net  signal  attenuation  including  antenna 

pattern  modification.  From  this  and  the  pl^sical  characteristics  of  the  antenna. 

14 

the  terminal  impedance  is  obtained.  Calculations  show  that  this  flat  plate  model 
closely  approximates  the  radiation  properties  of  the  shoulder  antennas  on  the 
Trailblazer  II. 

Because  of  the  steepness  of  the  Trailblazer  n trajectory,  the  diameter  of  the 
nose  cone  relative  to  the  wavelength,  and  the  broad  beamwidth  of  the  antennas, 
certain  simplifying  assumptions  can  be  made.  Specifically,  the  nose  cone  can  be 
replaced  by  a cylinder  descending  in  a vertical  trajectory  and  the  cylinder  so  far 
as  the  calculation  of  the  radiated  fields  is  concerned  can  be  replaced  by  an  infinite 
ground  pLanc.  With  these  assumptions,  the  Fante  program  describes  the  antenna 
fields  (relative  to  the  antenna  aperture)  in  terms  of  a spherical-polar  coordinate 
system  indicated  in  Figure  18.  Here,  the  aperture  is  in  the  x-y  plane,  the  z axis 
is  normal  to  the  antenna,  the  polar  angle  is  limited  to  r/ 2 radians,  and  the  origin 
of  this  coordiiiate  system  is  in  the  center  of  the  aperture.  Since  only  the  fields  far 
from  the  antenna  are  of  interest,  it  is  possible  to  represent  the  origin  as  being  on 
the  central  axis  of  the  nose  cone.  The  y axis  of  the  antenna  coordinate  system  is 
then  coincident  with  the  spin  axis  of  the  reentry  vehicle.  The  motion  of  the  vehicle 
is  introduced  by  allowing  the  antenna  coordinate  system  to  rotate  about  another 
fixed  system  (x',y',  z')  which  locates  the  nose  cone.  As  shown  in  Figure  19,  the 


13.  Fante,  R.  L.  (1971)  Reentry  Antenna  Test  Program.  Vol.  2,  AVCO  System 

Division  Rpt  AVSD-0374-69-CR. 

14.  Poirier,  J.  L.,  Antonucci,  J.D.,  and  Tropea,  D, H.  (1973)  Performance  of 

a Microwave  Antenna  System  in  the  Shoulder  Region  of  a Blunt  Reentry  Nose 
Cone,  AF<!;kL.-TR-73-0656. 
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Figure  18.  Coordinate  System  Figure  19.  Coordinate  Systems  for 

for  Slot -Antenna  Radiation  Fields  Reentry  Nose  Cone  and  Shoulder 

Antenna 


y and  y'  axes  are  coincident,  r is  the  distance  from  the  antenna  (nose  cone)  to  the 
ground  receiwng  site  in  the  primed  system,  the  spin  angle  measures  the 
rotation  between  the  two  coordinate  systems,  and  is  the  local  look  angle.  Because 
the  reentry  is  vertical,  p is  fixed  for  many  rotations  of  the  nose  cone  and  varies 
so  slowly  with  altitude  that  it  can  be  considered  constant  and  equal  to  59  degrees 
for  all  altitudes  between  250  and  200  kft. 

In  this  program  the  plasma  is  modeled  in  terms  of  a series  of  uniform 
dielectric  slabs  covering  the  two  antennas.  The  particular  thickness  chosen  for 
these  slabs  depends  on  the  electron  density  distribution  normal  to  the  vehicle 
surface.  Each  slab  is  characterized  by  a representative  electron  density  and 
collision  frequency  which  establish  the  effective  dielectric  constant  for  use  in  the 
program.  Typical  input  values  of  electron  density,  collision  frequency,  and  slab 
thickness  are  shown  in  Table  3.  These. cases  represent  the  basic  vibrational 
equilibrium  calculations  for  the  expansion  region. 

From  these  plasma  properties  and  the  physical  characteristics  of  the  trans- 
mitting antenna,  the  signal  attenuation  was  computed  as  a fimction  of  for  each 
altitude  of  interest.  The  results  for  ii/  = 59°  are  shown  in  Figure  20.  These 
two  sequences  of  cui'ves  require  some  explanation  before  discussion  of  the  various 
models  is  continued.  The  attenuation  which  is  sliown  refers  to  the  reduction  in  the 
power  (relative  to  the  maximum  free  space  value)  observed  by  a completely 
polarized  receiving  antenna  on  the  ground.  The  variation  in  the  free  space  value 
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Figure  20.  Calctilated  Total  Signal  Attenuation  at  Various 
Altitudes:  (a)  vibrational  equil&riiun  model;  (b)  vibrational 
nonequilibrium  model 


is  also  plotted  for  comparison.  The  results  in  part  <a)  are  based  on  vibrational 
equilibrium  plasma  properties  while  in  part  (b)  similar  cur\’es  are  shown  for  the 
theoretical  profiles  modified  to  show  the  effect  of  vibrational  nonequilibrium.  The 
general  effect  of  increasing  ionization  is  to  r.arrow  the  patterns  while  simultaneously 
increasing  the  over-all  level  of  attenuation.  Both  sets  indicate  a resonance 
phenomenon.  This  condition  is  critically  dependent  on  the  local  plasma  properties 
and  the  signal  path  length  appearing  at  225  kft  for  the  vibrational  equilibrium  input 
but  at  230  kft  for  the  vibrational  nonequilibrium  set.  Allowing  for  this  mechanism 
in  the  flow  model  tends  to  increase  the  electron  concentration  levels  at  a given 
altitude.  This  effect  is  can  led  over  into  increased  attenuation;  for  instance,  at 
220  kft  the  vibrational  nonequilibrium  curve  shows  5 dB  more  attenuation.  These 
results  will  be  examined  in  more  detail  in  the  next  section. 

The  plane  wave  models  do  nr4  allow  for  a power  pattern  in  their  calculations, 
and  so  their  single-valued  results  will  be  deferred  until  the  section  on  comparisons. 
For  the  simpler  of  the  two  oiane  wave  approximations,  attenuation  and  reflection 
estimates  were  made  along  tlje  ilsiss  Indicated  bj'  Russo.  The  variation  of  the 
attenuation  constant  along  the  normal  to  the  antenna  is  first  determined.  An 
integration  is  then  carried  out  over  this  distribt'tion  to  obtain  the  signal  loss  in 
the  plasma  medium  (in  dB)  due  to  attenuation. 
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where  a Is  the  local  attenuation  constant,  vthich  is  related  to  the  valuer  of  the 
dielectric  constant  for  th''  plasma  slabs. 

For  the  reflection,  an  equivalent  slab  thickness  associated  with  the  peak  o 
value  is  then  determined: 


The  peak  attenuation  constant  o.  its  corresponding  phase  constant  and  .he  effect- 
ive thickness  dg  then  serve  to  specify  the  reflection  coefficient; 

R.2[(l-e'^®^E,2  * 1 

R 5 — ^ . ,,  /o) 


15.  Russo.  A.J.  (1963)  ^tlmates  of  Attenuation  and  Reneetton  of  Telemetering 
Signals  by  Ionized ¥low  Fleltte  Surrounding  Typical  Reentry  &>dles.  NASA 
Technical  Note  TN  D-1778. 
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vliere  Rj2  the  power  reHection  coefficient  for  a uniform  semi-infinite  plasma 
and  6|2  “ *he  relative  phase  difference.  This  can  be  converted  from  a coefficient 
to  a reflection  loss  (in  dB)  term  as  was  done  for  the  attenuation: 

(SU„  . 10  |0S,„  (t^)  . (9) 

The  degree  of  approximation  is  severe,  and  nwny  factors  such  as  internal 
reflections  are  not  included  in  these  relations.  The  results  are.  nevertheless, 
quite  good,  except  that  resonance  effects  for  both  attenuation  and  reflection  do 
not  occur. 

The  second  of  these  models  came  from  a formulation  originally  develo{>ed  for 
16 

a different  situation.  Papa  has  studied  the  intctaction  of  electromagnetic 
waves  and  ionized  reentry  flows  for  high  power  signal  strength.  His  calculations 
were  based  on  a number  of  high  altitude  reentry  conditions  for  the  Trailblazer  U 
whicle.  Since  his  theory  could  be  applied  to  the  case  of  low  power  tram  mission 
as  well,  some  typical  cases  were  computed  for  comparison  with  the  other  cal- 
culations. Papa's  approach  involves  numerical  solution  of  the  electron  continuity 
eqxration  to  determine  the  field  distribution  and  power  transmitted  through  a one- 
dimensional  plasma  slab  with  speciHed  profiles  of  fluid  and  electrical  properti^. 
Since  the  electric  field  is  determined  on  a point  by  |x>int  basis,  internal  absorp- 
tion and  reflection  are  included,  and  the  result  should  be  quite  exact.  The 
numerical  procedure  rely  on  a fourth-order  Runge-Kutta  technique  for  integrating 
the  eqtiations  across  the  slab,  and  the  small  step  size  restricts  tte  error  to  no 
greater  than  0. 006  percent.  This  solution  then  represents  an  extremely  reliable 
check  of  other  plane  waw  results.  In  addition,  the  Fante  result  for  a case  where 
the  antenna  aperture  dimensions  are  changed  so  that  they  are  several  wavelengths 
in  extent  (producing  what  is  effectively  a plane  wave  condition)  also  slK>uld  be  in 
close  agreement. 


1.  fXiGlIt  Tf^T  D^TA  A>D  comparisons 

In  this  section,  the  measured  flight  test  data  will  be  presented  and  comjared 
with  computed  results  from  various  models  for  the  flow  field  ionization.  The 
antenna  properti^  to  be  considered  arc:  signal  attenuation  pattern  modification, 
tmi^dance  mismatch  as  characterized  by  the  power  reflection  coefllcient,  aiui 
interantenna  coupling. 


16.  Papa,  R.J.  and  Taylor,  R.  L,  (1974)  High-Power  electromagnetic  trans- 
mission characteristics  of  a diffusing  reentry  plasma,  J,  Am:l.  Phys.  45 
(No.2):684-69S. 
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Measurement  of  the  signal  attenuation  pattern  requires  that  the  signal  strength 
received  on  the  ground  be  determined  as  a function  of  vehicle  spin  angle  througliout 
the  reentry  trajectory.  This  is  accomplished  iy  recording  tne  receiver  age 
voltages  urhich  shovfed  one  main  lobe.  The  back  lobe,  however,  was  net  evident 
even  at  altitudes  sufficiently  high  to  ensure  that  no  ionization  effects  yet  existed. 
This  distortion  was  introduced  by  the  ground  station  receivers,  because  the  fre- 
quency response  of  the  age  loop  was  too  low  to  follow  antenna  ^ttem  variations 
of  the  spixming  vehicle.  This  loss  of  data  in  the  back  lobe  region  is  not  significant 
in  so  far  as  the  present  studj-  is  concerned,  since  the  theoretical  models  either 
employ  a plane  wave,  or  else  consider  the  slot  aperture  to  be  mounted  on  an  infinite 
groimd  plane.  N'either  approach  cotsiders  radiation  in  the  backward  direction,  so 
comparisons  could  not  be  made  there  in  any  case. 

There  is  yet  another  consequence  resulting  from  the  use  of  a flat-ground 
plane  mroel  in  which  the  araenna  is  covered  by  a plasma  slab  of  infinite  lateral 
extent.  Reference  to  Figures  18  and  19  will  help  to  visualize  the  geometry  of  the 
model  for  d = 0^.  In  this  case,  the  plasrna  slab  extends  all  the  wav  to  the 
grovBid-receiving  site  and  the  propagation  path  is  wholly  within  the  plasma. 

As  6^  increases  sufficiently,  the  propagation  path  extends  across  and  beyond  the 
slate,  and  flight  conditiorvs  are  more  accurately  simulated,  Becatse  the  model 
predicts  fsr  too  much  attenuation  at  grazing  angles,  the  comparison  of  residts 
should  be  limited  to  spin  angles  10®  < d < 170®. 

The  observed  data  at  an  altitude  of  230  kft  were  used  in  Eq.  (4)  to  compute 
thf  total  signal  attcnriatiun.  with  results  plotted  in  Figure  21.  The  received  power 
was  obtained  as  a function  of  spin  angle  from  the  age  records,  and  tte  factor 

evaluated  by  noting  the  peak  value  of  the  received  signal  just  before  re- 
entry. Inspection  of  this  figure  stews  that  there  is  reasonably  good  agreement 
between  the  computed  value  (vibrational  equilibrium)  and  the  measured  curve. 

In  contrast,  there  is  a marked  discrepancy  between  the  meastmed  data  and  ths 
vibraticnal  mnecpiUibrium  values  which,  in  fact,  show  a r^onance  at  this  altitude. 

The  same  quantities  are  plotted  in  Figure  22  for  an  altitude  of  225  kft.  At 
this  altittaie,  the  maximum  value  of  attenmtion  predicted  by  the  two  models  is 
about  the  same  and  tte  maximum  variation  at  = 90®  is  only  about  10  dB  as 
comisred  to  25  dB  f ■ he  previenjs  case  (230  kft).  The  vibratio^l  ecpiuibrium 
pattern  i»w  shows  a resonance,  as  do^  the  curve  of  measured  values. 

At  both  altitudes,  the  two  calculated  attenuation  values  for  # = ^®  are  tte 
result  of  tte  resonance  pbeimmem.  As  discussed  in  Sectiem  3.  t.  tte  vibrational 
nonec|uilibrium  results  represent  an  upper  bound  on  the  ec;ansion  region  ele^ron 
dei^tty,  which  should  be  less  apfdicable  as  the  altitude  decrease.  Thus  It  is  nc^ 
surprising  that  the  nonecpiilibriuin  mtlculathm  shows  tte  resonance  at  a hitter 
altitude  than  both  the  eciuUibrium  olcuiation  and  tte  measured  valt%3. 
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The  resonance  occurs  over  a very  narrow  altitude  range  (about  3000  ft).  The 
theoretical  calculations  assume  constant  properties  during  a spin  cycle,  whereas 
in  night  a change  of  about  1. 3 kft  altitude  occurs  during  one  revolution,  altering 
the  local  plasma  seen  by  the  antenna.  Thus  the  Important  fact  here  is  not  the  dif- 
ferences between  the  two  models,  or  the  attitude  where  the  resonance  occurs,  but 
rather  the  fact  that  the  predicted  resonance  was  indeed  observed  despite  the 
variation  in  conditions  experienced  by  the  antenna. 

At  altitudes  below  220  kft.  the  Ball  description  of  the  ionization  becomes  more 
appropriate.  The  computed  attenuation  pattern  for  this  model  is  compared  to  the 
measured  pattern  for  an  altitude  of  210  kft  in  Figure  23,  The  over-all  narrowing 
of  the  patterns  is  evident  but  there  Is  a 10-dB  difference  between  the  peaks  of 
the  two  curves. 

JO 

The  transition  between  the  two  sets  of  calculations  however,  is  not  com- 
pletely straightforward.  Figure  24  shows  the  attenuation  from  both  models  and 
the  observed  pattern  at  213  kft.  The  curve  for  the  Ball  model  is  clearly  in  better 
agreement  with  measured  results  than  the  Lew  profile,  which  represents  a down- 
ward extrapolation  of  the  results  at  higher  altitudes.  Note  though  that  the  Ball 
results  at  210  kft  are  in  poorer  agreement  with  tlie  corresponding  olserved  values 
than  for  the  215  kft  case.  Thus  the  pattern  is  iK>t  completely  consistent,  and  some 
care  must  be  taken. 

The  observed  attenuation  patterns  involve  the  orientation  of  the  vehicle-ground 
receiver  system.  This  introduces  a further  degree  of  uncertainty:  The  vehicle 
enters  at  an  angle  of  attack,  and  although  its  location  with  respect  to  the  ground 
statioit  is  known  as  a function  of  time,  the  orientation  of  body  axis  to  flight  path 
is  continuously  char.ging.  Thus  its  position  at  a given  moment  is  unknown  and 
cannot  be  specified  precisely.  This  nonalignment  results  in  the  flow  being  three- 
dimensional,  introducing  an  additional  plasma  profile  variation  in  the  spin  plane. 

A second  aspect  involves  the  ali>piment  of  the  vehicle  axis  with  the  ground 
receiver.  The  power  distribution  obtained  during  a spin  CV4  le  will  not  be  sym- 
metrical unless  this  additional  alignment  corresponds  to  a wiidward  or  leeward 
orientation  of  the  vehicle.  For  a windward  condition,  tlw  peak  signal  strength 
would  be  less  than  for  the  leeward  alignment,  but  for  both,  the  pattern  would  be 
symmetrical  about  the  peak.  Any  other  orientation  results  in  an  asymmetric 
pattern,  that  is,  if  the  alignment  repr^erts  a condition  midway  between  windward 

and  leeward,  the  measured  attenuation  for  some  6 such  that  0®  < A < 90®  would 

' ® o®  o 

be  greater  or  less  than  for  its  correspomiing  angle  in  the  ran^  W < 4^  < 180  • 

This  effect  cannot  be  seen  in  the  compiled  |»ttem3,  since  they  are  t»sed  on  the 

assumptiem  of  a plasma  that  is  uniform,  except  in  the  :»rtnal  direction. 

Since  tl»  flight  data  is  to  be  compared  with  theoreti^l  results,  leases  in 
signal  strengtn  «h«  to  reflection  are  Included  in  the  over-aU  observed  losses 
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plotted  in  the  figures.  This  vras  done  since  there  is  some  difficulty  in  separating 
that  effect  in  the  calculations.  Since  the  flow  ionization  is  not  axisymmetric.  the 
antenna  reflection  losses  and  power  pattern  distributions  in  the  course  of  a spin 
cycle  contain  a degree  of  ambiguity.  Some  bounds  can  be  placed  on  this  for  the 
reflection  case.  The  limit  of  the  uncertainty  is  the  difference  in  reflectioi.  losses 
for  windward  and  leeward  ronditions.  Its  magnitude  depends  on  the  plasma 
properties  and  hence  varies  as  a function  of  altitude.  This  is  shown  in  Figure  23. 
The  profile  indicates  the  earlier  increase  in  the  plasma  on  the  windward  side,  the 
region  where  the  entire  flow  is  overdensc.  and  some  subsequent  str'»cture. 

Several  properties  are  independent  of  ground  reception.  An  in.portant  one  is 
the  power  reflection  coefficient  R.  The  measured  values  corresponding  to  the 
leeward  and  windward  body  axis  positions  are  plotted  in  Figure  26.  Inspection  of 
th^e  curves  shows  that  during  the  plasma  buildup  R was  alwa>-s  larger  on  the 
windward  side  than  on  the  leeward  side.  This  variation  gradually  diminished  as 
the  electron  density  levels  increased.  Below  180  kft,  the  plasma  was  overdense 
during  the  entire  spin  cycle,  resulting  in  a uniform  degree  of  reflection  at  all  times. 
An  interesting  feature  of  the  plasma  build-up  period  is  that  the  reflection  co- 
efficient did  not  increase  monotonically  but  exhibited  a local  minimum.  Two 
theoretical  curves  arc  also  plotted  in  this  figure.  One  computed  from  the  vibra- 
tional equilibrium  model  also  exhibits  a small  local  minimum  near  the  peak  of  its 
excursion.  The  curve  for  vibrational  nonequilibrium  shows  % much  larger  local 
minimum  occurring  at  a higher  altitude.  This  cur%'e  is  in  better  agreement  with 
the  windward  values  initially  but  it  greatly  overestimates  R at  lower  altitudes. 

The  measured  values  for  the  reflection  coefficient  are  com{Kired  to  values 
computed  with  the  simplified  equivalent  slab  plane  wave  method  in  Figure  27. 

Several  descriptions  of  the  ionization  properties  were  used  for  variwts  altitude 
ranges,  and  the  over-all  trend  for  the  observed  R values  is  followed  by  the  cal- 
culations, including  the  decrease  in  plasma  effects  at  the  lower  altitudes.  Again, 
during  plasma  buildup  the  vibrational  nonequilibrium  model  gives  better  agree- 
ment with  oteervation.  There  is  a slight  imderestimation  of  tne  plasma,  but  the 
slope  of  the  rise  is  similar  and  the  values  correspond  to  within  10  kfl.  The 
coupling  between  the  two  shoulder  antennas,  defined  by  Eq.  (2).  is  plotted  in 
Figure  28  for  the  leeward  and  windward  sides.  As  was  true  for  th^  power  reflec- 
tion coefficient,  the  effect  of  the  plasma  <m  the  interantenna  coupling  was  greater 
on  the  windward  side.  Due  to  limitations  imposed  by  the  sensitivity  of  the 
measuring  system,  the  curves  for  the  observed  windward  and  leeward  interanteiina 
coupling  are  terminated  below  200  kfl.  The  measured  coupling  remained  below 
37.5  dB  for  the  remainder  of  the  flight.  The  curves  also  show  that  the  decrease 
in  coupling  was  not  monotonic  but  exhibited  several  local  maxima  as  well  as  a 
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Figure  27.  Comparison  of  Plr.ne  Wave  Reflection  Coefficient  with 
Flight  Data  as  a F\inction  of  Altitude 


TIME  FROM  launch  (mc) 
altitude  (Ml) 

Figure  28,  Comparison  of  Ca'culated  Interantenna  Coupling  with  Flight 
Data  as  a Function  of  Altitude 
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slight  increase  at  plasma  onset.  The  computed  values  for  vibrational  non- 
equilibrium and  equilibrium  conditions  are  also  shown  in  Figure  28. 

Both  models  tend  to  follow  the  windward  observed  values.  Since  the  vibra- 
tional nonequilibrium  results  represent  an  overprediction  of  the  zero  angle-of- 
attack  ionization  levels,  it  is  not  surprising  that  it  would  be  closer  to  that  curve. 
Both  models  also  predict  some  local  maxima,  although  their  values  for  the 
coupling  at  these  extremal  points  differ  considerably  from  the  corresponding 
flight  data. 

The  observed  attenuation  patterns  at  selected  altitudes  have  already  been 
discussed,  as  well  as  the  corresponding  theoretical  patterns  from  the  Fante 
model.  In  order  to  examine  trends  and  make  comparisons  with  the  plane  wave 
calculations,  some  additional  consideration  must  be  given  to  the  altitude  history 
of  those  results,  as  vras  done  for  the  reflection  and  coupling  cases. 

The  procedure  for  obtaining  the  flight  profile  consisted  in  plotting  the  attenua- 
tion at  constant  = 90°  as  a function  of  altitude.  These  values  are  shown  in 
Figure  29  along  with  the  Fante  theoretical  curves.  For  example,  the  local  maxi- 
mum which  occurs  in  the  curve  based  on  the  vibrational  equilibrium  model  was 


Figure  29.  Comparison  of  Slot -Antenna  Total  Signal  Attenuation  with  Flight 
Data  as  a Ftinction  of  Altitude 


43 


i 


I 

! 

I 

o ^ 

taken  from  the  225-kft  curve  of  Figure  20a,  evaluated  at  •'  90  , The  effect  of  ' 

the  resonances  which  appear  in  Figures  20a  and  20b  is  graphically  illustrated  by  » 

this  construction.  The  general  shape  of  the  computed  curves  first  shows  a slight 

decrease  in  attenuation  caused  by  increased  gain  of  the  transmitting  antenna  and 

then  a rapid  increase  in  attenuation  interrupted  only  by  a local  maximum.  The 

assumption  of  vibrational  nonequilibrium  causes  the  resonance  to  occur  at  a higher 

altitude,  but  the  over-all  profiles  are  similar.  The  measured  data  agree  generally 

with  the  computed  values,  showing  a decrease  in  attenuation  at  plasma  onset  and 

a hump  characteristic  of  a small  resonance  effect  at  about  223  kft.  There  is  some 

disagreement  between  measurement  and  observation  at  the  low  altitudes.  Although 

the  uncertainty  in  reflection  loss  might  account  for  a factor  of  1 or  2 dB,  there  is 

still  a definite  underprediction  of  the  losses  below  220  kft.  i 

The  measured  signal  attenuation  and  the  one  computed  using  the  simplified 
plane  ’vave  method  are  compared  in  Figure  30.  In  this  comparison,  the  non- 
equilibrium values  show  better  agreement  with  experiment  as  far  down  as  220  kft 
in  altitude. 


Figure  30.  Comparison  of  Plane  Wave  Total  Signal  Attenuation  With 
Flight  Data  as  a Function  of  .Altitude 


44 


i 


The  slight  rise  near  plasma  onset  and  the  peak  at  22j  kft  are  not  apparent  in 
this  plane  wave  result.  This  is  probably  attributable  to  the  lack  of  internal  reflec- 
tion losses  and  the  inability  of  the  model  to  account  for  variations  in  antenna  gain. 
Again,  below  220  kft  the  predicted  values  begin  seriously  to  underestimate  the 
losses.  Despite  the  good  agreement  over  most  of  the  rise  portion,  the  slot- 
antenna  model  with  the  assumption  of  vibrational  nonequilibrium,  has  better 
over-all  correspondence  with  the  complete  profile  including  resonances. 

There  is  another  factor  which  must  be  considered  when  the  attenuations 
predicted  by  the  two  models  just  discussed  are  compared.  This  new  factor  arises 
because  the  propagation  path  length  in  one  model  may  not  be  equal  to  that  in 
another.  All  the  theories  assume  the  plasma  medium  to  consist  of  a stack  of 
semi-infinite  slabs.  But  while  the  plane  wave  models  consider  a wave  propagating 
in  the  normal  direction,  the  Fante  slot  model  was  evaluated  for  a local  look  angle 
C ' 59*^.  This  means  that  the  propagation  path  is  greater  in  the  latter  model  which, 
therefore,  should  predict  more  attenuation.  This  can,  in  fact,  be  seen  by  inspect- 
ing the  computed  curves  in  Figures  29  and  30.  Tlie  patli  length,  though,  should  not 
seriouslj'  affet  the  reflection  as  long  as  the  peak  n^  value  is  sufficiently  high. 

A direct  comparison  between  the  two  attenuation  results  can  be  obtained  by 
evaluating  the  slot  model  for  a local  look  angle  of  i!  = 90*'.  The  results  of  these 
calculations  are  showm  in  Figure  31  (circles  connected  by  solid  lines).  This 
figure  is  designed  to  compare  broadside  transmission  models.  Thus  it  also  con- 
tains results  for  the  simple  plane  wave  method  (solid  and  open  squares)  cor- 
responding to  those  of  Figure  30.  There  is  excellent  agreement  between  the  two 
models,  but  the  drastic  differences  in  their  basic  assumptions  suggest  that  this 
might  be  fortuitous.  In  particular,  Fante's  slot  model  includes  the  effect  of 
multiple  internal  reflections  at  each  plasma  slab  interface,  while  this  plane  wave 
model  does  not.  Thus  the  latter  should  predict  low’er  values  of  attenuation,  since 
no  energy  is  scattered  back  toward  the  source.  On  the  other  hand,  the  increase  in 
peak  gain  of  the  transmitting  antenna  in  the  Fante  model  may  serve  to  offset  the 
expected  difference. 

In  order  to  study  this  problem  in  more  detail,  two  additional  sets  of  calcula- 
tions were  made.  The  first  consisted  in  allowing  the  aperture  dimensior"  in  the 
slot  model  to  become  larger,  so  that  the  antenna  w'ould  launch  a wave  that  would 
more  nearly  approximate  a plane  wave.  The  results  of  this  exercise  are  plotted  as 
triangles.  The  other,  based  on  Papa's  work,  assumes  a plane  wave  solution  but 
includes  internal  reflections  at  slab  interfaces.  These  points  are  plotted  as 
U]»ide-down  triangles.  Inspection  of  these  two  sets  of  results  shows  that  they 
are  in  close  agreement  with  one  another,  as  expected.  Note  that  below  220  kft 
though,  they  arc  quite  different  from  the  simple  plane  wave  and  narrow  aperture 
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Figure  31.  Peak  Total  Signal  Attenuation  as  a Function  of  Altitude 
for  Various  Theoretical  Models 


slot  results.  This  confirms  the  anticipated  conclusion  thr.t  the  agreement 
between  the  simple  plane  wave  and  slot  approaches  represented  a balance  of 
compensating  theoretical  factors.  It  should  be  pointed  out  that  the  new  results 
below  that  altitude  are  even  less  in  agreement  with  the  observed  data. 

To  complete  the  comparison  of  the  four  methods,  the  power  reflection 
coefficient  corresponding  to  every  data  point  on  the  attenuation  curves  of 
Figure  31  is  plotted  in  Figure  32.  As  can  be  seen,  there  is  a significant  spread 
in  the  results  predicted  by  these  various  models.  If  the  excellent  agreement 
between  the  slot  reflection  results  and  the  observed  data  in  Figure  2G  is  recalled, 
there  are  a number  of  comments  that  can  be  made.  The  simple  plane  wave  con- 
sistently imderpredicts  the  level,  presumably  due  to  the  neglect  of  internal 
reflections  which  have  an  important  effect  during  buildup.  Once  the  plasma  has 
become  sufficiently  overdense  though,  ,the  high  reflection  near  the  antenna  re- 
duces the  differences  among  the  plane  wave  approximations.  The  fact  that  the 
narrow  aperture  slot  results  are  higher  than  all  the  others,  suggests  that  the 
power  distribution  may  be  important. 
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Figure  32.  Power  Renectioa  Coefficient  as  a Function  of  Altitude  for 
Various  Theoretical  Models 


The  effect  of  power  pattern  distribution  on  the  total  peak  attenuation  for  the 
slot  antenna  model  has  been  discussed  in  some  detail.  The  dependence  on  look 
angle  was  also  brought  out  by  the  results  obtained  for  the  plane  wave  comparisons. 
Those  results  showed  considerable  change  in  power  pattern  structure  compared 
to  the  case  for  V'  = 59°,  indicating  that  the  peak  electron  density  level  was  not  the 
only  determining  factor  in  producing  the  distinctive  variations  in  pattern  at 
various  altitudes.  Clearly,  the  local  path  length  in  the  medium  has  a strong  con- 
tribution. To  develop  this  point,  an  intermediate  look  angle  case  (l'  = 75°)  was 
considered  in  addition  to  the  cases  for  = 59°  and  ^ = 90°.  The  three  altitude 
histories  of  peak  attenuation  are  s^.own  in  Figure  33.  For  a given  plasma  profile 
normal  to  the  antenna,  the  variations  in  path  length  produce  distinctly  different 
attenuation  results  for  some  of  the  conditions. 

Two  different  types  of  data  presentation  have  been  tised;  The  distribution  of 
power  for  various  spin  angles  at  successive  altitudes;  and  the  peak  attenuation  for 
each  altitude  at  various  look  angles.  In  each  case  various  local  resonances,  or 
abrupt  changes  in  trend  are  apparent.  Typically,  these  effects  are  of  short  dura- 
tion, since  flight  conditions  are  changing  rapidly  at  these  altitudes.  Both  types 
of  display  an  important,  since  they  act  to  clarify  each  other  in  delineating  an 
extremely  complex  sequence  of  results.  For  example,  the  resonance  in  total 
signal  attenuation  observed  at  225  kft  with  i-  = 59°  was  not  present  in  the  other 
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Figure  33.  The  Altitude  History  of  Slot-Antenna  Total  Signal 
Attenuation  for  Various  Look  Angles 

altitude  plots  fur  that  look  angle  or  In  the  results  at  that  altitude  for  i = 73^ 
or  i s 90®.  In  the  same  naanner,  the  peak  attenuation  curves  of  Figure  33 
show  local  resonances  for  ^ = 59®  and  <;  = 90®  at  different  altitudes.  Combining 
both  types  of  results  leads  to  the  conclusion  that  these  various  resonances  cor- 
respond to  a narroaing  of  the  radiation  pattern  of  the  antenna  for  those  particular 
local  conditions.  Thus  the  resonances  arc  critically  dependent  on  the  inter- 
relation of  look  angle,  electron  density  concentration,  and  path  length. 

The  comparisons  of  the  flight  test  antenna  data  and  the  various  theoretical 
methods  and  ilow  models  have  been  presented  in  detail.  There  arc  a few 
aspects  which  may  be  placed  in  perspective  by  some  further  discussion.  How- 
ever. these  topics  do  not  represent  a single  clear  sul^ect  btit  range  from  limi- 
tations of  the  assumptions  to  interpolation  in  the  flow  profiles. 

The  slot -antenna  model  should  be  expected  to  give  the  most  reliable  results, 
but  it  is  restricted  by  the  assumption  of  grouitd  plane  rather  than  vehicle  mounting. 
The  additional  constraint  of  relying  on  inputs  of  electron  density  and  collision  fre- 
quency profiles,  as  well  as  the  assumption  of  uniform  semi-infinite  plasma 
layers,  also  limit  the  agreement  with  the  data.  The  point  by  point  distribution 


of  power  in  the  antenna  pattern  also  seems  to  be  an  extremely  sensitive  facter, 
playing  an  important  role  in  determining  signal  losses.  The  problems  of  thL. 
sensitivity  were  demonstrated  clearly,  when  the  broadside  results  were  duplicri  -d 
at  a numi:er  of  altitudes  with  an  increased  apierture  size.  At  220  kft.  for  exampie. 
this  change  decreased  the  peak  attenuation  from  23.  G dB  to  17. 2 dB  and  the  reflec- 
tion coefficient  from  R 0. 96  to  R = 0. 84. 

Scaling  and  interpolation  as  well  as  the  tsre  of  different  flot*.  madels  all  had  an 
effect  on  the  theoretical  predictioris.  In  ge.'*  «1,  the  basically  different  assumptions 

of  the  Lew  and  Ball  models  meant  the  profile  • ere  not  at  all  alike  and  the  results 
tjuite  different,  as  was  seen  in  the  region  whe.  e the  transition  wa»  emploved.  The 
results  for  the  Ball  model  down  to  200  kft  seemed  somcwltat  erratic  in  agr*-rn»e:tl 
and  tcndcfi  to  underestimate  the  losses.  In  the  „ew  case,  thv  two  conditions  of 
vibrational  equilibrium  and  nonequilibrium  were  botii  employed.  The  cxtraoolavio^i 
of  the  latter  model  from  the  stagnation  region  was  crude  and  represente  an  upper 
bound  rather  tlan  actual  expected  value.  Xote  that  the  decreasing  altitude  result,  • 
should  be  poorer,  since  the  increased  density  in  the  flow  would  tend  to  restore  the 
equilibrium  sooner  for  those  cases.  It  should  be  kept  in  mind  that  ail  these  pro- 
files arc  based  on  axisymmctric  flow-  assumptions  (angle  of  attack.  s>  = o'^).  The 
flight  had  a large  value  of  o,  and  this  certainly  affected  the  results.  That  the 
results  on  the  windward  side  apiicar  to  be  in  bcUer  agreement  is  l»sed  on  the  fact 
that  the  flow  is  still  close  to  the  axisymmctric  case  at  the  antenna  location,  whereas 
corresponding  leeward  results  show  considerable  three-dimensional  flow  character- 
istics. The  windward  condition  for  the  angle  of  attack  situation  would  result  in  an 
increased  shock  strength  at  the  antenna  location  with  higher  electron  density  levels 
across  the  flow  profile. 

in  the  various  attempts  to  match  tlic  rapidly  changing  antenna  r^bsults,  it  be- 
came appjarem  that  pihciomcjia  were  occurring  in  extremely  stort  altitude  ranges 
and  that  the  i;ac  of  some  form  of  interpolation  would  be  necessary.  In  order  to 
check  on  the  validity  of  scaling  based  on  ratios  of  pieak  n^,  both  scaled  and 
constructed  profiles  at  224  kft  were  entered  into  the  antenna  program.  The  agree- 
m.ent  was  excellent:  the  pieak  attenuation  values  were  61.6  dB  and  62. 3 dB  whereas 
the  reflection  coefficient  R - 0.91,  remained  unchanged.  In  all  the  scaling 
techniques,  the  collision  frequency  Is  assumed  to  be  insensitive  to  the  slight 
changes  in  conditioiis,  it  is  held  constant  at  its  original  value. 

The  simple  plane  wave  approach  is  the  most  severely  limited  technique,  its 
restrictions  on  the  plasma  and  its  assumed  equivalent  slab  for  calculating  the 
reflection  do  not  take  into  account  internal  rcflectiona.  .Altiwiugh  this  eliminates 
much  of  the  ability  to  predict  fine  structure,  this  model  was  adequate  in  terms  of 
producing  equivalent  profiles  for  the  antenna  propierties  although  displaced  in 
altitude.  These  calculations  for  the  present  cxpiansion  region  antenna  can  also  be 
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applied  to  the  case  of  a stagnation  region  nose  antenna  such  as  that  on  the  second 
flight.  There  the  plasma  occurs  at  even  higher  altitudes  where  vibrational  non- 
equilibrium  electron  densities  arc  higher  than  the  equilibrium  values,  and  the 
former  condition  is  expected  to  apply  more  sc  than  in  the  present  case.  The 
problem  with  both  results  is  that  for  these  high  altitudes  the  ratio  X /d„  » 1 and 
hence  the  validity  of  this  plane  wave  model  is  uncertain. 

The  slot  antenna  model  was  also  applied  to  the  stagnation  region.  * The  agree- 
ment was  again  excellent,  especially  for  the  vibrational  imnequilibrium  calculation. 
Fantc^ ' examined  *he  power  received  on  the  ground  in  the  vicinity  of  250  kft  where 
the  buildup  in  plasma  was  occurring  in  some  detail.  The  variation  with  altitude 
was  determined  for  the  t-asic  look  anci:  c = 30®.  Then  at  arouTtd  250  kft,  he  con- 
structed the  patterns  as  a function  of  look  angle  and  found  that  as  the  vehicle 
descemled  below  253  kft  the  nattem  began  to  narrow  and  then  below  around  249. 5, 
to  broaden  again.  The  result  is  a calculated  resonance  condition  of  extremely 
short  duration  wherein  the  attenuation  is  sharply  increased.  For  the  shoulder 
case  the  model  predicted  some  resonance  (dienomena  and  associated  pattern 
narrotring  for  230  kft  (vibrational  nonequilibrium)  or  225  kft  (equilibrium).  The 
stagnatiem  effect  was  not  olserved  in  flight.  Either  its  short  duration  resulted  in 
its  occurring  between  sample  times,  or  else  the  nonuniformity  in  the  electron 
density  distribution  across  the  antenna  surface  eliminated  that  result  which  was 
based  on  a uniform  slab  model.  At  the  shoulder  however  the  pattern  for  225  k'l 
did  show  considerable  nonuniformity  as  compared  to  nearby  altitudes  (see 
Figures  21  through  24).  Whether  this  can  be  completely  attributed  to  such  a 
resonance  condition,  however,  is  uncertain,  since  there  are  »c  many  possible 
factors  affecting  the  transmission.  One  related  situation  which  affects  the 
theoretical  attenuation  distribution  has  been  pointed  out.  The  semi-infinite  slabs 
tend  to  reduce  the  troitsmitted  power  at  angles  close  to  the  surface  and  the  ground 
plane  assumption  eliminate  it  in  the  region  180®  < < 360®, 

There  are  thus  a number  of  questions  to  be  resolved  in  terms  of  matching 
theoretical  and  actual  antenna  properties  during  reentry,  but  some  excellent 
agreement  las  been  obtained. 


5.  SFiraxRY  AND  C0>aX^0>S 

FligM  test  S-baixi  antenna  data  in  the  shoulder  region  of  the  Trailblazer  II 
chicle  lave  been  presented  for  the  third  launch  on  24  Nov  1970.  The  antenna 
results  incltxle  signal  attenuation,  reflection,  and  interantenna  coupling.  The 
interpretation  of  these  results  involved  two  types  of  theoretical  analysis.  The 
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electrical  properties  of  the  high  temperature  ionized  air  flowing  over  the  antenna 
had  to  be  determined.  Then  various  models  for  predicting  antenna  behavior  in  a 
medium  corresponding  to  those  calculations  were  employed.  The  analvses  pro- 
duced a complex  scries  of  comparisons  with  various  aspects  of  the  flight  data, 
and  a number  of  interesting  observations  are  possible. 

<1)  The  Ball  model  is  a representation  of  the  flow  field  conditions  for  low 
altitudes,  especially  below  210  kft,  whereas  the  Lew  models  are  more  valid  above 
220  kft.  Tb?  transition  region  appears  to  rcpreseid  an  area  where  there  were 
some  inconsistencies  in  the  predictive  trends. 

(2)  The  vibrational  nonequilibrium  values  which  freeze  the  degree  of  relaxa- 
tion at  the  stagnation  region  levels  represent  an  over-estimation  of  the  electron 
density,  especially  at  lower  altitudes. 

(3)  Since  the  vehicle  entered  at  a relatively  large  angle  of  attack,  the 
axisymmetric  flow  results  do  not  strictly  apply.  For  the  antenna  region  the 
windward  orientation  should  correspond  rather  closely  to  ti%  symmetrical  results 
for  a slightly  stronger  shock  comlition.  while  the  leeward  results  may  be  con- 
siderably different. 

(4)  Since  the  vibrational  nonequilibriuin  results  represent  increased  electron 
densities  at  the  shoulder,  there  should  be  a tendency  for  these  values  to  be  some- 
what equivalent  to  those  for  the  windward  angle  of  attack  orientations,  especially 
at  the  lower  altitudes.  Both  assumptiems  though  stould  produce  higher  electrem 
density  levels  than  thc^e  of  the  leeward  axis. 

(5)  The  slot  antenna  reflection  results  arc  in  good  agreemer.!  with  the  data. 
Below  ?30  kft,  the  predictions  tend  to  overestimate  slightly.  While  the  rise  in 
plasma  effects  is  matched  on  the  windward  side  In'  the  vibrational  nonequilibrium 
values,  both  sets  are  greater  than  the  leeward  data. 

(6)  The  slot  ant«ma  results  for  interantenna  coupling  are  also  quite  accurate. 
Above  230  kft  the  vibrational  iKmequilibrium  is  extremely  close  to  the  windward 
data.  Both  models  tend  to  follow  those  results  rather  than  the  leeward  ot.es,  am! 
both  predict  local  maxima  although  the  coupling  values  at  the  extremal  poims 
differ  from  the  flight  values. 

(7)  The  total  signal  attenuation  involves  more  complex  phenomena;  it  is 
ccn^equently  less  clear  in  its  over-all  analysis.  The  slot  antenna  predictions  for 
the  altitude  history  of  the  p^k  value  show  sli^stly  better  agreement  for  tl^ 
vibrational  equilibrium  results,  although  both  irrf>dels  are  within  about  a kft  of  the 
measured  data.  There  is  structure  present  in  both  data  and  the  calculatums, 
and  (xx^ideration  of  the  entire  pattern  for  i = 59^  indicates  that  the  equilibrium 
result  at  223  kft  has  the  atemrmal  profile  correspomJing  to  the  obserwd  i^tterc 
at  that  altitude. 


L 


SI 


{8)  The  simplified  plane  wave  *esults  for  reflection  coefficient  have  a similar 
profile  to  the  night  history,  although  »jnderestiinating  both  windward  and  leeward 
data  In'  about  10  kft. 

(9)  The  plane  wave  attenuation  results  compared  to  peak  observed  values 
smrw  ejc^  llent  corrtspondence  for  vibrational  nonequilibrium  and  slight  urdt 
estimation  for  the  equilibrated  model.  Between  215  kft  and  loss  of  signal  around 
205  kft,  the  agreement  becomes  fairly  poor.  When  comparisons  with  the  othrt 
antenna  models  arc  examined,  it  becomes  clear  that  these  results  represent  the 
effect  of  compensating  factors  so  the  agreement  is  somewhat  fortuitous. 

(10)  Comparison  of  the  three  s.»dels  le'.-*  some  additional  comments. 

The  three  reflection  coefficient  resrfti  agfe^v  ithin  10  kf».  The  plane  wave 
solution  including  internal  re(?^c»ions  results  in  a lower  attenuation  than  the  «lot 
antenna  approach.  Thus  the  effect  of  pattern  on  attenuation  is  a factor  'ji-hich  must 
be  given  careful  consideration. 

(11)  The  results  for  attenuation  at  various  look  angles  show  that  path  length 
has  an  important  effect  on  attenuation. 

(12)  Resonances  and  over-all  distribution  of  power  in  the  antenna  pattern 
depend  critically  on  the  interrelation  of  altitude  conditions,  look  angle,  and  peak 
electron  density. 

The  reason  for  devising  the  various  theoretical  models  is  to  acquire 
representations  of  the  actual  flight  conditions  which  arc  sufficiently  accurate  to 
csstablish  a predictive  capability  for  future  lae.  The  pre-vious  disctissions  lead  to 
two  conclusions  In  this  regard:  (I)  For  antenna  properties  which  depend  on  peak 
flow  properties  close  to  the  surface,  such  as  power  reflection  coefficient  and 
inlerantcnna  coupling,  the  results  of  either  sophisticated  models  or  simnlc  plane 
wave  methods  will  be  sufficiently  accurate;  (2)  there  are,  howe\-er,  other  antenna 
characteristics  which  depend  not  only  on  peak  values  but  on  the  distribution  across 
the  entire  si»ck  layer.  The  wide  divergence  in  total  signal  attenuation  from  the 
various  solutions  indicates  that  this  type  of  behavior  cannot  be  treated  so 
generally.  The  complete  slot  antenna  model  is  the  only  one  that  satisfactorily 
describes  changes  in  signa.1  gain  resulting  from  the  ionization  in  the  flow.  This 
more  complete  method,  coupled  to  reasonable  flow  field  representations,  docs 
allow  accurate  prediction  of  the  behavior  of  an  antenna  system  in  a reentry  en- 
vironment. 
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